Vertically well-aligned ZnO nanorods on Si substrates were prepared by a two-step chemical bath deposition ͑CBD͒ method. The optical properties of the grown ZnO nanorods were investigated by time resolved photoluminescence spectroscopy. It was found that the effective decay time of the near bandgap recombination in the CBD grown ZnO nanorods strongly depends on the diameter of the ZnO nanorods. Typically, the decay curves obtained from these ZnO nanorods show a combination of two exponential decays. The experimental results show that the fast exponential decay is related to the surface recombination and the slow decay is related to the "bulk" decay. The measured decay time of the effective surface recombination decreases with decreasing diameter, while the bulk decay time remains unchanged. The results also show that an annealing treatment around 500°C significantly reduces the surface recombination rate. A simple carrier and exciton diffusion equation is also used to determine the surface recombination velocity, which results in a value between 1.5 and 4.5 nm/ps.
I. INTRODUCTION
ZnO is a major potential candidate for optoelectronic applications due to its wide bandgap energy of 3.37 eV at room temperature and large exciton binding energy ͑60 meV͒. For the past ten years, ZnO epilayer, ZnO nanorods, and various ZnO nanostructures have been grown by various techniques, including molecular beam epitaxy, 1-4 metal organic vapor phase epitaxy or metal organic chemical vapor deposition, [5] [6] [7] [8] [9] [10] pulsed laser deposition, 11, 12 vapor-liquid-solid ͑VLS͒ catalytic growth technique, [13] [14] [15] magnetron sputtering, 16 and chemical bath deposition ͑CBD͒. [17] [18] [19] A major advantage for ZnO nanostructures, e.g., nanowires and nanorods, is that they can be easily grown on various substrates and nonlattice materials including flexible polymers. In addition, ZnO nanorods can be advantageous with a low density of defects. The growth of defect-free structures is more likely for nanorods in comparison with epilayers, since the strain in the nanorods can be efficiently relieved by elastic relaxation at the free lateral surfaces rather than by plastic relaxation. ZnO nanostructures have been widely investigated by cathodoluminescence 20 and photoluminescence ͑PL͒ at room temperature 15, 21 and low temperature. [22] [23] [24] However, the investigations by low temperature time resolved PL spectroscopy of ZnO nanorods are limited. 25, 26 One of the significant differences between nanorods and an epilayer is the larger surface area of the former. This large surface area can be an advantage for some applications, for example, sensor devices. However, it can also be a problem in other applications, for example, optoelectronic devices such as light emitting diodes and solar-cell devices, since the surface recombination rate may become dominating, resulting in a short carrier lifetime. So far, the knowledge about surface recombination in ZnO nanorods is limited.
In this paper, we present an optical investigation of ZnO nanorods with different diameters grown by the CBD method. The surface effect versus the diameter of the ZnO nanorods was studied by means of time resolved PL for the first time to the best of our knowledge. The results clearly illustrate that the surface recombination becomes a dominating recombination channel with a decreasing diameter of the ZnO nanorods. The results also indicate that the surface recombination rate can be suppressed in ZnO nanorods with a mild thermal treatment at 500°C.
II. EXPERIMENTS
The ZnO nanorods used in this investigation were grown on Si substrates by the CBD method, which includes a twostep process, i.e., a substrate treatment prior to the CBD growth. The pretreatment of the substrates, by coating the substrate with a solution of zinc acetate dihydrate ͑Zn͑C 2 H 3 O 2 ͒ 2 ·2H 2 O͒ dissolved in pure ethanol with a concentration of 5 mM, was used to control the diameter of ZnO nanorods. In the CBD growth, the aqueous solutions of zinc nitrate hexahydrate ͓Zn͑NO 3 ͒ 2 ·6H 2 O, 99.9% purity͔ and methenamine ͑C 6 H 12 N 4 , 99.9% purity͒ were first prepared and mixed together. The concentrations of both were fixed at 0.1M. The pretreated Si substrates were immersed into the aqueous solution, and ZnO was grown at an elevated temperature of 93°C. The major problems in the CBD growth are the reproducibility, the size control, and the density of the ZnO nanorods. These problems have been solved in our recent investigations and, e.g., by controlling the precoating layer thickness, the reproducibility and the ZnO nanorod size and density can be controlled. 27 Three samples containing ZnO nanorods on Si ͑001͒ substrates with diameters of 150, 90, and 60 nm, respectively, were used in this study. Scanning electron microscopy ͑SEM͒ images of these structures are shown in Fig. 1 . The ZnO nanorods were vertically aligned on the Si ͑001͒ substrates. For the ZnO nanorod sample with a diameter of 90 nm, a postgrowth thermal treatment was performed at 500°C for 60 min in air atmosphere.
Time resolved PL was performed by using an excitation laser line from a frequency tripled sapphire:Ti laser emitting at 266 nm with a 200 fs pulse width and a 80 MHz repetition rate. The luminescence signal is dispersed by a 0.3 m monochromator and time resolved by a streak camera. The spectral resolution is about 1 meV and the time resolution is 7 ps. The measurements were done under weak excitation conditions ͑0.5 W / cm 2 ͒. The PL signals presented in the following were recorded at 1.8 K. Figure 2 shows the time integrated PL spectra of the CBD grown ZnO nanorods with different diameters. The PL spectrum from a bulk ZnO sample ͑from Universitywafer and grown by the hydrothermal method͒ was included in the same figure for comparison. The PL spectra are similar for all samples, i.e., a dominating emission of donor bound excitons. By examining the PL spectra, it is obvious that the exciton emission from the ZnO nanorods has a low energy tail in comparison with the corresponding emission in the bulk ZnO. This indicates that this PL band contains more than one bound exciton. The integrated intensity of the PL peak decreases with decreasing diameter of the ZnO nanorods. The inset of Fig. 2 shows the decay curves with the detection energy at the maximum of the PL peak for the bulk ZnO and the 150 nm ZnO nanorods, respectively. It clearly demonstrates the difference between the ZnO nanorods and the bulk ZnO layer. The decay curve from the bulk ZnO shows a single exponential time decay, while the ZnO nanorods exhibit a nonexponential decay. As earlier demonstrated for Si epilayer, [28] [29] [30] the surface recombination can strongly influence the decay time. The excess minority carriers via the near bandgap recombination exhibit a single exponential decay or a nonexponential decay, depending on whether the surface recombination is the major recombination channel or not. The surface recombination is characterized by two parameters, i.e., surface recombination velocity S and carrier diffusion length D. tion velocity S on decay time is determined by the diffusion equation with the proper boundary conditions. [28] [29] [30] In the one-dimensional case, 28 the carriers generated by the laser pulse start out with the following spatial distribution:
III. RESULTS AND DISCUSSIONS
Subsequently decay and diffusion of carriers were determined by the diffusion equation
with boundary condition at two surfaces ͑x = 0 and x = d͒,
where N 0 ,␣ , and R are the initial laser-pulse generated carriers, absorption coefficient constant at excitation laser wavelength , and reflection coefficient, respectively. B is the decay time constant of bulk materials. In the nanorod case, the above diffusion equation and boundary conditions become three-dimensional equations. When the surface recombination is neglected, from the equation above, a single exponential decay with a time constant B is expected. We would like to point out that the situation is different for ZnO nanorods grown at high temperatures using the VLS growth. In this case, the surface recombination can be neglected, and the decay curve follows a single exponential decay ͑not shown here͒, such as in the bulk ZnO case shown in the inset of Fig. 2 . Therefore, the observed nonexponential decay of the ZnO nanorods in our case suggests that the surface recombination cannot be neglected.
From Fig. 3 , it is also observed that the fast decay component decreases with decreasing diameter of the CBD grown ZnO nanorods. This is consistent with the increasing importance of the surface layer with a decreasing nanorod diameter, i.e., the fast decay component is strongly influenced by the surface recombination velocity. It should be pointed out that there is no quantum confinement in the nanorods presented here since the diameter of those ZnO nanorods are well above carrier confinement limits. The task to solve the three-dimensional diffusion equation for our nanorods without any approximation is very difficult. Here we first choose a phenomenological way to correlate the fast component ͑ S ͒ in the decay curves with the surface recombination velocity S, and then we use a simplified model to simulate the surface recombination effect on the exciton decay time. By examining the decay curves obtained for our CBD grown ZnO nanorods with various diameters, we find that the decay curves can be fitted by two exponential decays,
where I͑t͒ represents the PL intensity as a function of time, while A S and A B are the relative weights of the two exponential decays with time constants S and B , respectively. The colored lines in Fig. 3 represent the fitting decay curves according to Eq. ͑1͒. The results show that the value of B is the same, 95 ps, for all decay curves. We believe that this time constant represents an effective "bulk" exciton decay time in these nanorods. The same deduced value of B for these nanorods with different diameters is not surprising since they were prepared under similar conditions. The deduced value for time constant S and the ratio of A S / A B are summarized in Fig. 4 . As seen in Fig. 4 , S decreases with the decreasing diameter of the nanorods while the ratio, A S / A B , increases. These factors indicate that the first term in Eq. ͑1͒ becomes more important in the influence of the decay time with decreasing nanorod sizes. It clearly illustrates that the surface effect becomes more important with decreasing diameter of our CBD grown ZnO nanorods. One should note that the surface recombination velocity should not change for samples prepared under similar conditions. However, the decay lifetime is influenced by the surface recombination velocity combined with the carrier diffusion length, resulting in a direct correlation with the size of the nanorods. This correlation will directly be reflected in the time constant S introduced here.
In order to further explore how the surface recombination influences the first term in Eq. ͑1͒, an annealing procedure was performed. There are no observed changes concerning the diameter and the nanorod shape in the SEM images from the as-grown and thermal treated ZnO nanorods in the temperature used in this study. Figure 5 shows the effect of annealing on the recombination decay at a relative low temperature of 500°C. In comparison with the asgrown sample, the value of S and the ratio of A S / A B show a strong change ͑see Fig. 4͒ , while the value of B remains unchanged. The unchanged value for B is consistent with the observation that only the near bandgap emission was enhanced by about a factor of 3 after the thermal treatment, while the deep level defect emission around 510 nm in the PL spectrum remained unchanged. The value of S increases and the ratio of A S / A B decreases after the thermal treatment. This fact is consistent with an improvement of the surface properties after the thermal treatment since the CBD grown ZnO nanorods are expected to have various chemicals attached to the surface due to the relatively low growth temperature ͑93°C͒ and the nature of the CBD method. The mild thermal treatment will release the chemicals from the nanorod surfaces; consequently, the surface recombination is suppressed. In our samples, the bulk decay time in the ZnO nanorods remains unchanged after the mild thermal treatment. In order to simplify the simulation according to a threedimensional diffusion equation, we approximate the hexagonal shape of the ZnO nanorods with a cylinder shape. After the excitation by laser pulse, we have both free electrons and holes of density n͑r , t͒ and excitons of density n ex ͑r , t͒. We let the diffusion coefficient for the free particles and excitons be D and D ex , respectively. The last diffusion coefficient we have found is negligible but we keep it here for completeness. The density of the free particles decays within the bulk with decay time B1 and via a surface channel with the surface decay velocity S. In both these processes the particles form excitons. The excitons go through radiative recombination processes in the bulk with decay time ex,B or at the surface with the surface recombination velocity S ex . The two densities are coupled via the following two coupled differential equations: We have used the values 10.8 cm 2 / s and 25 ps for D and B1 , respectively, consistent with the experimental findings. 31 The exciton decay time ex,B is about 95 ps in our case. We have discretized the problem by dividing the cylindrical pillars into 100 shells of equal thickness. The problem has been solved with iteration. The large value for the diffusion coefficient for the free carriers has forced us to use 10ϫ 10 6 time steps to cover 250 ps. At each step free carriers are diffusing into and out of each shell. Some of the free carriers are leaving by forming excitons. Some of the excitons are leaving through bulk recombination; some are entering from the process where the free carriers are forming excitons. In the outer shell there are the additional surface processes. We have assumed ͑as initial conditions͒ that there are no excitons and that the free carriers are homogeneously distributed throughout the pillars. In our simulations, we have used two free varying parameters, i.e., S ex and S, since there are no information available concerning those two parameters in literature. The experimental decay curve for our 150 nm ZnO nanorods is shown together with calculated curves using different sets of values for S ex and S in Fig. 6 . The results clearly show the effect of S ex and S, and the best fitting is obtained by using the parameters of S ex = 0.05 nm/ ps and S = 4.5 nm/ ps. Through the same fitting procedure, we fitted the experimental results obtained for the 90 and 60 nm samples with parameters of S ex = 0.05 nm/ ps and S = 2.5 nm/ ps and of S ex = 0.05 nm/ ps and S = 1.5 nm/ ps, respectively. The results clearly indicate that we cannot use the same set of parameters to fit various diameter ZnO nanorods. We believe that this error is due to our approximation in our calculation, i.e., we approximate the hexagonal shape of the ZnO nanorods with a cylinder shape. Nevertheless, our simulations provide a magnitude and approximated value of the surface recombination velocity for ZnO nanorods. Figure 7 shows the results of surface decay time experimentally deduced in Fig. 4͑a͒ and theoretically calculated by using Eq. ͑2͒. The two calculated curves by using the sets of parameters from 150 and 60 nm samples provide a tendency and a range of the surface decay time in the ZnO nanorod structures used in this study.
In summary, we have presented, for the first time, a time resolved PL study in CBD grown ZnO nanorods with different diameters. The results show that the decay time of the excitons in the nanorods strongly depends on the diameter of the nanorods. The altered decay time is mainly due to the surface recombination process. The effective time constant related to the surface recombination velocity was deduced. The results show that the time constant decreases with the decreasing diameter of the nanorods. A thermal treatment will suppress the surface recombination channel, resulting in an improvement of the optical quality for the ZnO nanorods. Although we have not been able to deduce the exact surface recombination velocity, we hope that our results will stimulate more theoretical and experimental investigations of the surface recombination processes in nanostructures.
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